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ABSTRACT: 

Hypothesis: Effective interactions of thermoresponsive microgels are known to be influenced by 

their volume phase transition. These soft colloids behave as repulsive spheres in the swollen state 

but show strong attraction in the collapsed state. We hypothesize that this transition in microgel 

interactions is governed by the interplay between surface tension and bulk elasticity.

Experiments: Using dissipative particle dynamics, we modeled the interactions between two 

coarse-grained microgel particles having a lower critical solution temperature around 32 C, which 

are suspended in an explicit solvent. The potentials of mean force between microgels with different 

crosslinking densities were systematically characterized in the temperature range of 12-58 C 

across the volume phase transition from steer molecular dynamics simulation trajectories.

Findings: The detailed dynamics of interaction is uncovered for microgels in different states. The 

simulations reveal the formation of capillary bridges between collapsed microgels at high 

temperatures, which contributes to strong attraction at contact. An elastocapillary model based on 

interface thermodynamics is proposed to describe microgel interactions and accurately predicts 

simulation data in a wide range of temperatures and overlapping distances. The results provide 

important physical insights into effective interactions between soft colloids that underpin broad 

applications of stimuli-responsive microgels.

KEYWORDS: microgels; volume phase transition; capillary interactions; interface 

thermodynamics; dissipative particle dynamics.

1. INTRODUCTION

In a solvent, strongly repulsive particles are dispersive while attractive ones agglomerate. 

Weakly repulsive/attractive particles suspended in liquids can form an intermediate colloidal state 

without macroscopic phase separation. Effective interactions among particles determine their 

assembly in the solvent and thus their applications.1 Microgels made of crosslinked networks of 

temperature-responsive polymers, such as poly-N-isopropylacrylamide (PNIPAM), are soft 

particles of sizes 10-1000 nm. These particles are able to change their shapes in aqueous solvents 

from a swollen state to a collapsed state across a lower or upper critical transition temperature.2–4 

The capability of tuning morphologies via temperature variations makes thermoresponsive 

microgel a widely used model system, not only for studying fundamental physics of colloids,5–8 
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but also for the realization of technological applications such as nanomaterials, biosensing, and 

drug delivery.9,10 Understanding the effective interactions between thermoresponsive microgels is 

the key to theoretical modeling and practical control of the system. However, our knowledge on 

microgel interactions is still limited because of their highly inhomogeneous structures and 

temperature dependent properties.3,11,12 An interaction potential unifying microgel phase behavior 

over the entire temperature range of volume phase transition remains underdeveloped.

Two simple models, the soft-sphere4,13 and the Hertzian14 potentials, are by far the most widely 

used ones to describe the interactions between two microgel particles. These soft potentials assume 

a microgel as an elastic repulsive sphere and relate the interaction energy u to the separation 

distance r between the centers of microgels as  or , with the exponent n 𝑢(𝑟)~𝑟―𝑛 𝑢(𝑟)~(1 ― 𝑟)𝑛

smaller than the ones used for modeling hard spheres. The soft repulsive potentials correctly 

describe microgel interactions in swollen states within a narrow overlapping regime.4,15–19 

Rovigatti et al. recently calculated single-particle elastic moduli of microgels across the volume 

phase transition and validated the Hertzian model under good solvent conditions. However, neither 

of the potentials captures the strong attractive behavior at high temperatures20–22 and is able to 

describe the regimes where microgels significantly deform and overlap.4,16,19,23,24 The lack of a 

unified expression for microgel interactions over the full temperature range and substantial 

overlapping states hampers our ability to theoretically model ensembles of microgels and 

understand their structure, thermodynamics, and dynamics. Here, we utilize a coarse-grained 

particle-based method to simulate PNIPAM microgel particles in explicit solvents and to 

investigate their effective interactions at various temperatures. By combining soft elastic 

repulsions of the inverse power law form and capillary contributions from the polymer-solvent 

interfacial energy, we propose an analytical model to predict microgel interactions across their 

volume phase transition in wide overlapping regimes.

2. METHODS

We characterize the interactions of thermoresponsive microgels using dissipative particle 

dynamics (DPD), which has been extensively used in microgel simulations23,25–28 because of its 

computational efficiency and ability to capture hydrodynamics by simulating explicit solvents29 in 

small-scale systems. We construct a microgel consisting of 54 000 DPD beads with 5% 

crosslinking density (defined by the fraction of crosslinker beads in the microgel) via an in silico 
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emulsion polymerization.26,30,31 This approach mimics microgel synthesis in physical experiments 

and generates model microgels with realistic internal network structures.32,33 The assembled 

microgel particle has a radius of gyration about 25 nm in the swollen state at temperature 285 K, 

as shown in Figure S1a. Figure S1e shows the polymer density of the microgel is not uniform in 

the radial direction. The profile indicates that the microgel consists of a dense core and a loose 

corona, which represents the structure observed in realistic ones.3,34 We apply our previous 

parameter set of DPD interactions that reproduces the volume phase transition of modeled 

PNIPAM microgels around 32 °C with a lower critical solution temperature (LCST).26 We 

simulate four representative temperatures 285 K (swollen), 308 K (transitional), 311 K 

(transitional), and 331 K (collapsed) that cover the entire range of volume phase transition (see 

Figure S1f for the variations in radius of gyration). The interaction simulations of a pair of microgel 

particles are performed using steered molecular dynamics (SMD). Unless stated otherwise, the 

simulation results are presented in DPD units. More simulation details are described in the 

Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Morphological changes of microgels at contact 

Figure 1a shows that the swollen microgels at low temperatures deform like elastic soft 

particles when they approach each other. During the process from contact to heavy overlapping, 

they squeeze each other in the impact direction while extend vertically as shown in Video S1. 

When temperature increases to the transitional region (see Figure 1b and Video S2), the two 

microgels are observed to form a small connecting gel bridge at the early stage of contact without 

notable bulk deformation. The bridge formation becomes more obvious and the neck grows faster 

in Figure 1c when temperature further increases to 331 K. The neck formation can be understood 

by considering microgels as viscous droplets, where the driving force of the neck growth is the 

Laplace pressure .35 Here, γ is the surface tension between the microgel and the 𝛥𝑝~𝛾𝑅/𝑟2
neck

solvent. R and  are the effective radius of microgel and the neck radius, respectively. At higher 𝑟neck

temperatures, the LCST microgels will have larger γ, which then induces the neck formation and 

dominates the dynamics of neck growth. In this state, the behavior of microgels largely resembles 

that of liquid droplets except the microgels cannot coalesce at the end (see Video S3). The necking 
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of microgels at high temperatures indicates the surface tension must be considered in the 

thermoresponsive microgel interactions.

Figure 1. Simulation snapshots of two microgels being pulled towards each other in the SMD 

simulations at different separation distances at temperatures (a) 285 K, (b) 311 K, and (c) 331 K, 

which represent the swollen, transitional, and collapsed states, respectively.

3.2. Quantification of pair interactions

The effective interaction potentials are quantified in the form of the potential of mean force 

profiles extracted from SMD. To reduce nonequilibrium effects,36,37 a strong spring with a force 

constant of 5000 (corresponding to 1.24×104 kJ·mol-1·nm-2) 38,39 is introduced to connect the 

centers of mass (COM) of two microgels and pulls them toward each other at a speed  of 0.0024 𝑣

(corresponding to 0.025 Å/ns) until the normalized inter-distance  reduces to 1.1, 𝑟 ∗ = 𝑟(𝑡)/𝑅g(𝑇)

at which the two microgels significantly overlap.16 Here,  is the instantaneous distance 𝑟(𝑡)

between the microgel COM and  is the radius of gyration of the equilibrium microgel at the 𝑅g(𝑇)

corresponding temperature. The Jarzynski’s equality relates the accumulated work W done by the 

pulling spring in SMD to the free energy difference  or potential mean force (PMF) by 𝛥𝐺 PMF

, with  being the inverse of thermal energy.40,41 The ensemble = ―
1
𝛽ln ⟨exp ( ―𝛽𝑊)⟩ 𝛽 = 1/𝑘B𝑇

average  is usually estimated  by the second order expansion using a limited number of SMD ⟨⋯⟩
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simulation trajectories, which yields .37 In the present work, we PMF = ⟨𝑊⟩ ―
𝛽
2[⟨𝑊2⟩ ― ⟨𝑊⟩2]

calculate the PMF based on the accumulated work (Figure S2a) from 10 SMD trajectories for each 

temperature at a given crosslinking density. We note that biased and steered dynamics algorithms 

need to be implemented cautiously to prevent the onset of unphysical behavior in nonequilibrium 

simulations.42 We conducted benchmark simulations with multiple pulling velocities and 

confirmed sufficient relaxation of polymer network under deformation at  Å/ns. The 𝑣 = 0.025

corresponding Peclet numbers  defined using the collective diffusivity of polymer Pe = 𝑣𝑅g/𝐷

network43 are on the order of 10-2, which also indicates nonequilibrium effects are minimized given 

the available computational resource. Figure 2 shows the PMF of a pair of microgel particles along 

the pulling coordinate is clearly temperature dependent. Increasing temperature results in gradual 

weakening of repulsion between microgels at contact and eventually changes the interaction to 

effective attraction in the weakly overlapping regime, as shown in the negative portion of PMF 

profiles. This repulsion to attraction transition qualitatively agrees with the nature of PNIPAM 

microgels.44 Below, we propose an analytical model based on interfacial thermodynamics to 

describe the effective potentials that cover the entire temperature range from the swollen to 

collapsed states.
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Figure 2. PMF profiles for two microgels with 5% crosslink densities interacting at temperatures 

285 K, 308 K, 311 K, and 331K. Solid lines are the effective interaction potentials predicted by 

the proposed elastocapillary model. The black dashed line marks the zero-potential level that 

separates attraction and repulsion regions.

3.3. Elastocapillarity in microgel interactions

The soft-sphere potential has been widely used to describe microgel interactions.4 It takes the 

form as  , where r is the separation between the centers of the particles, σ is the 𝑢(𝑟) = 𝜀(𝜎/𝑟)𝑛

characteristic microgel size, and ε is the interaction strength. The expression mainly considers the 

elastic repulsion when microgels overlap and does not include any attractive contributions. We 

hypothesize that the temperature effect on the interactions of thermoresponsive microgels can be 

quantitatively described through considering the temperature dependence of surface free energy in 

the system. The surface free energy of the two microgels at a distance r can be given as , 𝑓𝑠 = 𝐴(𝑟)𝛾

where  is the total surface area of microgels at distance r. Taking two separated microgels as 𝐴(𝑟)

the reference state, the reduction of microgel surfaces exposed to water upon overlapping causes 

the change in surface energy . The total area reduction can be estimated by 𝛥𝑓𝑠 = 𝛥𝐴(𝑟)𝛾 𝛥𝐴(𝑟)

, where  is the surface area loss due to overlapping and  is the surface = 𝛥𝐴1(𝑟) +𝛥𝐴2(𝑟) 𝛥𝐴1 𝛥𝐴2

area gain of inflated microgels subject to conservation of volume. The surface area change is 

schematically shown in Figure 3. Because the changes of area and volume are interdependent, 

accurate determination of  requires  and  to be self-consistent and accounts for the 𝛥𝐴(𝑟) 𝛥𝐴1 𝛥𝐴2

deformation of microgels. Here, we simplify the calculation by assuming that microgels preserve 

a spherical shape, as well as ignoring self-consistency between  and . For microgels with 𝛥𝐴1 𝛥𝐴2

an effective radius of , we can estimate  and 𝑅 𝛥𝐴1 ≈ 4𝜋𝑅(𝑅 ― 𝑟/2) 𝐴2(𝑟) ≈ 8𝜋

. The effective radius is estimated as half of the [𝑅3 + (𝑅 ― 𝑟/2)2(2𝑅 + 𝑟/2)/4]2/3 ―8𝜋𝑅2

distance at which microgels start to interact, based on the PMF profiles. Notably, this expression 

of  becomes less accurate as the separation distance r decreases. Surface tension is given by 𝛥𝐴(𝑟)

the Flory-Huggins parameters for the polymer-solvent interaction  as , 𝜒(𝑇) 𝛾 = [𝜒(𝑇)/6]0.5𝜌𝑘B𝑇

where ρ is polymer number density.45,46 In general, χ increases with temperature for PNIPAM 
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microgels.  In this work, we use an expression of  validated in previous DPD simulations of 𝜒(𝑇)

PNIPAM microgels26 with details given in the Supporting Information.

Figure 3. Schematic diagram of microgel interactions governed by the competition between 

surface tension and elasticity.

Taking the surface free energy into account, we propose a theoretical model of microgel 

interactions that couples soft elastic repulsion and temperature-dependent capillary attraction 

(Figure 3). The formula is given as . We select the characteristic 𝑈(𝑟,𝑇) = 𝜀(𝜎/𝑟)𝑛 +𝛥𝑓𝑠(𝑟,𝑇)

microgel size σ as the radius of gyration  at the corresponding temperature with n and ε being 𝑅g

the fitting parameters. Figure 2(b) shows the model agrees well with our simulation results across 

all investigated temperatures while covering wide overlapping regimes (from no contact to 𝑟 ∗

). The best fit of the power coefficient shows  for temperatures of = 1.2 𝑛 = 4.0, 4.1, 4.2, and 4.4

285 K, 308 K, 311 K, and 331 K, respectively. The attractive component of the interaction potential 

at high temperatures can be well explained by this elastocapillary model. At low temperatures, the 

Flory-Huggins parameter between microgel and water is small. The limited reduction in surface 

free energy is offset by the significant elastic energy increase from the microgel deformation. This 

is consistent with the successes of previous soft-repulsive models in explaining microgel 

interactions at low temperatures. As microgels undergo the volume phase transition into the 

collapsed state, the surface energy becomes dominant at contact, which is manifested in the 

effective attraction region shown in the PMF profiles. Because microgels have been shown to have 



9

a core-corona structure, the elastic contribution upon overlapping does not scale linearly. The outer 

corona region can be approximately treated as polymer brushes, in which the elastic repulsion is 

not divergent upon overlapping.47 The surface tension induced attraction dominates at early times, 

as the dilute polymers in the corona region can only provide weak repulsion.

Figure 4. PMF profiles of interacting microgels at low (285 K) and high (331 K) temperatures for 

crosslinker densities at 3%, 7%, and 10%, respectively. The dashed lines denote the zero-potential 

position.

We further test the model for microgels with different crosslinking densities  and probe the 𝜓

effect of microgel structure on the interaction potential. The influence of crosslink densities on the 

microgel size is quantified in Figure S1f in the swollen and collapsed states. Figure 4 plots the 

PMF profiles of microgels for crosslinking number densities at 3%, 7%, and 10% at the two 

representative temperatures of 285 K and 331 K (corresponding accumulated work profiles are 

plotted in Figures S2b and S2c). Increasing the crosslinking density of the microgels results in 

stronger repulsion in both swollen and collapsed states. The attractive potential well becomes 

shallower and narrower when crosslinking density increases, which is attributed to increased 

elastic moduli and stronger repulsion of highly crosslinked microgels.18,48 Figure 4 also 

demonstrates good agreement between the analytical model and simulation results for all tested 

crosslinking densities at the two distinct temperatures. The difference in crosslinking density is 
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reflected in the interaction strength ε and exponent n of the elastic repulsion term. The best fit of 

the simulation data to the analytical model shows increasing values of n as crosslinking densities 

increases (the complete values of n and ε are listed in Table S1). The increase in the power-law 

exponent indicates enhanced mechanical properties of microgel particles. The more obvious 

surface tension effect in weakly crosslinked microgels demonstrates its fluidic characteristics.

3.4. Discussion of the theoretical model

The combination of soft-sphere repulsion and surface-tension induced attraction in our model 

is proposed in the light of adhesive elastic contact models in contact mechanics.49,50 The Johnson–

Kendall–Roberts (JKR) theory51 describes the deformation of two elastic objects at contact is 

governed by the interplay between solid-solid adhesion energy and elasticity. The use of the simple 

adhesion energy has been validated for particle size larger than a threshold value around 10 µm. 

For colloidal particles suspended in a solvent with a characteristic particle length smaller than the 

threshold value, solid-fluid surface tension will dominate the contact process, as the surface energy 

scale is much larger than the elasticity energy scale in small deformations.52 Microgel particles 

typically have sizes of 10-1000 nm,3,4 thus it is necessary to explicitly include surface tension in 

their interactions. However, microgels behave more complex than elastic solid particles as they 

possess heterogeneous structures of mixed polymers and solvent with low solid content. To capture 

the fluidic nature of microgels, the capillary contribution in our model is derived according to 

interfacial thermodynamics, which considers polymer-solvent surface tension as in droplet 

coalescence instead of solid-solid adhesion in contact mechanics. The soft sphere repulsion follows 

a solid mechanics approach, which represents the structural integrity of microgels. Thus, the 

analytical model proposed in this work can be viewed as a hybrid model that captures the semi-

solid/semi-liquid nature of microgels.

Compared to the repulsive sphere models, the new model highlights the attractive regime of 

the collapsed microgels. The attractive regime will contribute significantly to macroscopic 

properties of microgels, in particular rheology53–55 and nano-/micro-fabrication.56 For example, the 

rheological properties of microgel suspensions are critical to 3D printing applications.57 Strongly 

attractive microgels have the potential to form colloidal gel structures58,59 other than well-

documented crystalline arrays.60 A clear understanding of pair interactions of thermoresponsive 
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microgels in changing environmental conditions lays the groundwork for large-scale applications 

based on microgel jamming, assembly, and pattern formation. 

4. CONCLUSIONS

The effective interaction between thermoresponsive microgels is an important question in the 

field of soft matter which remains understudied.23,24 Only a few studies were focused directly on 

the effective interactions between microgels16–19 and the analysis was mostly limited to the swollen 

state (i.e., low temperature regimes for LCST microgels). An analytical expression for the 

interparticle potential which covers the entire temperature range of microgel swelling-deswelling 

transition has yet to be developed. Previous experiments showed that the effective interactions 

between microgels change from repulsive to attractive when temperature increases (i.e., microgels 

change from the swollen state to the collapsed states).20–22,53 In this study, we hypothesize that the 

transition in the effective interaction is determined by the temperature-dependent surface tension 

between the polymer and solvent. We exploit dissipative particle dynamics to test this hypothesis. 

At low temperatures, the swollen microgels are shown to be repulsive and qualitatively agrees with 

the widely used soft repulsive models. However, we observe that two microgels strongly attract to 

each other at high temperatures, which is consistent with experimental results.20,21,44 The 

simulations also provide insights into the detailed dynamics of interaction, which is challenging to 

probe in experiments. We discover an intriguing behavior of capillary bridge formation between 

collapsed microgels at contact. The results suggest the existing soft-repulsive potential models 

have major limitations in the attraction dominant regime.

We propose a theoretical model of effective interactions across the volume phase transition 

temperature and in a wide overlapping distance range, which describes the balance of surface 

energy loss and elastic strain energy gain. The good agreement between the theoretical predictions 

and simulation data confirms that the effective attraction is driven by surface tension, which 

dominates elasticity at high temperatures. In addition, we validate the model for microgels with 

different network structures by turning their crosslinking densities. Recent experiments and 

simulations have shown the effective interactions between thermoresponsive microgels is 

dependent on temperature and structure.18,19 By explicitly incorporating the temperature dependent 

of surface energy, our model reveals the detailed mechanism that relates temperature and structure 

to the effective interaction. Our finding also suggests that the solvent effect must be considered 
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when dealing with microgel interactions. The dynamic behavior reported here highlights 

fundamental differences between microgel particles and conventional hard-sphere-like colloids.

While this work is focused on fundamental interaction mechanism between two identical 

neutral microgels, it would be of interest to explore more complex microgel systems in future 

studies, such as specifically structuralized microgels and ionic microgels.61,62 Systematic 

investigations are also needed to exploit the relationship between pair interactions and large-scale 

microgel assembly. Moreover, the capillary bridge formation and necking dynamics at high 

temperatures reported in this work highlight the fluidic characteristic of microgel particles. It is 

important to fully understand the fundamental differences among liquid droplets, collapsed 

microgels, and hard-sphere particles in future work.  
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A. Dissipative particle dynamics

Dissipative particle dynamics (DPD)1 simulations are used to study the effective interaction 

in microgel systems. In DPD, all solvent beads and polymer segments are explicitly included and 

represented as beads of equal mass m, where each bead represents a group of molecules.  The 

dynamics of these beads are governed by pairwise potentials between interacting beads according 

to Newton’s second law . The resulting force acted on beads contains     /i im d dt U v r i

three terms including conservative force, dissipative force, and random force:

. The sum is carried out for all beads j within a certain cutoff radius   C D R
i ij ij ij  F F F F cr

from bead . The conservative part is given by , where  is the maximum i C
c (1 / )ij ij ij ija r r F e ija

repulsion between beads  and ;  is the inter-bead distance; and i j c/ij i jr r r r

 represents the force direction. It is convenient to pick the cutoff  as the   /ij i j i j  e r r r r cr

characteristic length of the DPD simulation. The interaction strength between the beads 

representing the same species is set to 25 to reproduce the compressibility of water.1 The 

miscibility between microgel polymer beads and water beads is controlled by the repulsion 

coefficient , which is dependent on temperature for thermoresponsive polymers and will be ija

discussed later. Compared with the Lennard-Jones potential used in molecular dynamics, the 

capped linear repulsion permits the use of much larger time steps in DPD and allows simulations 

mailto:xyong@binghamton.edu
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on larger time scales. The dissipative force  is proportional to the relative velocity of two beads D
ijF

, given by . The random force  represents ij i j v v v D
D ( )( )ij ij ij ij ijw r  F e v e R

R ( )ij ij ij ijw r F e

a Gaussian white noise, where  is a random variable satisfying  and ij ( ) 0ij t  

.  and  are arbitrary weight functions dependent on ( ) ( ) ( ) ( )ij i j ii jj ij jit t t t                 Dw Rw

the interparticle distance. The two parameters  and  determine the strength of viscous  

dissipation and the noise amplitude, respectively. The temperature of a DPD system  is T

controlled inherently through the fluctuation-dissipation theorem, which demands 

 and , with  being the Boltzmann constant. The      2 2

R D c1 /ij ij ijw r w r r r     
2

B2k T  Bk

energy of thermal fluctuation  is often chosen as the characteristic energy. Because our Bk T

simulation involves temperature variations, we select room temperature as the 0 298.15 KT 

reference temperature and  as the reference energy scale. The reduced temperature is therefore B 0k T

defined as . Based on the dimensional analysis, the characteristic time for DPD is thus *
0/T T T

given as . According to the convention of DPD, we present the simulation results 2
c B 0 /mr k T 

in reduced units with , , and  all set to one, which also give . The remaining cr m Bk T 1 

simulation parameters are , simulation time step , and total number density 4.5  0.02t 

. For SMD simulations, two microgels are initially equilibrium in a simulation domain of 0 3 

 with a fix center to center distance at 60 at a target temperature.130 70 70 

B. In silico synthesis of microgel particles 

We perform simulated emulsion polymerization to construct microgels with realistic 

internal structures. We apply our previously developed atom transfer radical polymerization 
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(ATRP) scheme in the DPD framework to simulate the controlled/living copolymerization of 

monomer and crosslinker to from a microgel.2 Monomers, crosslinkers with a number 

concentration , and 50% of water beads are first placed in a spherical domain of radius 20 in the 𝜓

center of a cubic simulation box with the dimensions of . The outside of the spherical 50 50 50 

domain is filled with a second solvent immiscible with water so that the reactants form an emulsion 

droplet. The repulsion parameter between inside and outside solvents is set to 100, which is 

typically used for representing a water-oil system. The emulsion droplet is first equilibrated for 

200 000 timesteps before the initiation of polymerization. The in silico ATRP copolymerization 

process involves elemental reactions of initiation, propagation, and crosslinking, which is detailed 

in Ref. 2. The polymerization produces linear polymer strands with beads linked to each other. 

Each polymer bead is subject to harmonic bond potential  and angle  2
bond bond 00.5E K r r 

potential . Here,  and  are the bond and angle strengths,  is  angle angle 1 cosE K   bondK angleK 0r

the equilibrium bond length, and  is the angle between two consecutive bonds. To avoid 

unphysical bond crossing in DPD, we choose a parameter set of ,  and  bond 128K  0 0.5r 

 according to previous studies.2,3 The generated microgel is then extracted from the angle 4K 

emulsion system and resuspended in a new simulation box filled with aqueous solvent. Another 

equilibration run is conducted at a specific temperature of interest and the equilibrium microgels 

are then used in the later SMD simulations. Figures. S1a-d shows the snapshots of the microgels 

with 5% of crosslinkers in equilibrium at temperatures of 285 K, 308 K, 311 K, and 331 K. A 

volume phase transition can be clearly observed as the microgel changes from a swollen state to 

the collapsed state. The microgel features dangling chains at its surface and polymer density 

decreases from the center to the surface, as shown in Figure S1e. This behavior is consistent with 
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what observed in real microgels.4,5 The radii of gyration of the microgels at different temperatures 

and for different crosslinking densities are plotted in Figures S1f and S1g.

C. Polymer-solvent interactions at different temperatures

In DPD simulations of thermoresponsive microgels, the temperature dependence of the 

polymer-solvent interaction has been established by relating the bead repulsion  to the Flory-( )ija T

Huggins interaction parameter . 2,6 Our simulation system (after ATRP) involves two bead  T

types: polymer and water. The repulsion parameters between the same bead type are set to 

, with the subscripts represent polymer and water, respectively. The repulsion pp ss 25a a a  

between the unlike beads, , relates to the Flory-Huggins  parameter given by psa ps

1. The  parameter for thermoresponsive polymers such as PNIPAM is ps B ps / 0.306a a k T  ps

typically dependent on temperature and polymer concentration of the gel 7–9 with a relationship p

as . The first term relates to the respective enthalpy and entropy changes    ps 1 2 p,T T     

by . We choose , ,    1 B/T h T s k T    1414.331 10  ergh    16 1s= 5.425 10  erg K    

and , which is close to the values reported in experiments.8 This setup in DPD results 2 0.596 

in a model PNIPAM microgel with a transition temperature about 32 °C.2

D. Relationship between simulation and experiment length and time scales 

Each water bead in our simulations represents 12 water molecules,6,10,11 thus one DPD bead 

has a volume of 360 Å3. Matching the number density in DPD simulations  and the 3
0 c3 r 

experimental water density  yields the characteristic length and the 31 g/cm c 1.03 nmr 

characteristic mass . Since all beads have the same mass in DPD, a coarse-grained 216 Dam 
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polymer bead represents 1.9 N-isopropylacrylamide (NIPAM) monomers. Knowing the 

characteristic length and energy yields the intrinsic time scale .  0.52
intrinsic c B 0/ 9.6 psmr k T  

Since DPD has a soft potential that accelerates the dynamics, the characteristic time scale needs to 

be rescaled to match the physical collective diffusion coefficient of the polymer network, which 

gives 2.DPD 0.87 ns 
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Supplemental Figures

Figure S1. (a)-(d) Snapshots of microgel with 5% crosslinker at equilibrium for temperatures 285 
K, 300 K, 311 K, and 331 K, respectively. (e) Corresponding polymer density profiles and (f) radii 
of gyration of equilibrium microgels with 5% crosslinker at different temperatures. (g) Radii of 
gyration of microgels with different crosslinker densities in the swollen and collapsed states at low 
(285 K) and high (331 K) temperatures, respectively.
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Figure S2. (a) Accumulated work done during SMD simulations for microgels with crosslinker 
densities of 5% at temperatures 285 K, 308 K, 311 K, and 331. (b, c) Accumulated work profiles 
for microgels of different crosslinking densities in the swollen (285 K) and collapsed (311 K) states. 
The error bars represent standard deviation of 10 SMD trajectories. 



S9

Supplemental Table

Table S1. The fitting exponent n and interaction strength ε in the theoretical model 

 at different temperatures and crosslinking densities.      , / ,n
sU r T r f r T   

T, 𝜓 3% 5% 7% 10%

285 K n = 3.0, ε = 1300 n = 4.0, ε = 3400 n = 4.2, ε = 3500 n = 5.0, ε = 9500

308 K n/a n = 4.1, ε = 2400 n/a n/a

311 K n/a n = 4.2, ε = 2000 n/a n/a

331 K n = 3.2, ε = 1250 n = 4.4, ε = 2500 n = 4.4, ε = 3800 n = 5.9, ε = 9000
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Supplemental Videos

Videos S1-S3:  Representative SMD trajectories of microgels with 5% crosslinking density being 
pulled together at temperatures 285 K, 311 K, and 331 K, respectively. The blue beads represent 
polymer beads and water beads are not shown for clarity.
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